zymes are equilibrium enzymes, and the concentrations of all of Valerie A. Pierce them increase at lower temperatures, which would compensate for Douglas L. Crawford* the effect of temperature on enzyme activity. The compensatory Department of Organismal Biology and Anatomy, University changes all occur in the Atlantic species and may be a mechanism of Chicago, Chicago, Illinois 60637 for species to expand their ranges. These data suggest that physiological acclimation is evolutionarily labile. Accepted by C.P.M. 3/27/97
Which enzymes are involved in affecting metabolism, and these enzymes were mediated by allosteric modulators in vivo and that acclimation responses occurred in other enthus are important in acclimation responses, is the subject of much debate (e.g., Cornish-Bowden and Cardenas 1990) . zymes that were not examined.
Two important issues need to be addressed: the prevalence Enzymes in a metabolic pathway can be divided into two categories. One class is near-equilibrium enzymes, enzymes that of acclimation responses among all the enzymes in a single pathway and the evolutionary history of acclimation responses catalyze a reaction in which the drop in free energy between the substrate and product is small and thus the reaction is (that is, the evolution of the natural physiological response, acclimatization, as measured in the laboratory, i.e., acclimareversible. The other category is nonequilibrium enzymes, enzymes that catalyze a reaction in which the drop in free energy tion). Which enzymes in a single metabolic pathway have an acclimation response has implications for the function of the between substrate and product is large enough that the reaction is considered irreversible. In glycolysis, hexokinase (HK), phos-response and the issue of the regulation of flux through a pathway. phofructokinase (PFK), and pyruvate kinase (PK) are typically considered nonequilibrium, rate-limiting enzymes (Stryer No study to date has incorporated fully both evolutionary data and acclimation data. This study examines the effect of 1981). Classical biochemical theories indicate that only nonequilibrium enzymes can regulate flux, suggesting that all other thermal acclimation on the concentrations of all 10 glycolytic enzymes and lactate dehydrogenase (LDH), and the phylogeenzymes are superfluous with regard to modulating flux (Crabtree and Newsholme 1972a , 1972b Rolleston 1972 ; netic distributions of acclimation response among the species of the teleost fish genus Fundulus. Three specific hypotheses Newsholme and Start 1973). Alternatively, metabolic control theories suggest that many different enzymes can affect flux are examined with phylogenetic analyses. First, if physiological acclimation is a mechanism for increasing or maintaining a (Cornish-Bowden and Cardenas 1990) .
In the glycolytic pathway, one of the more potent regulatory constant rate of glycolysis, then enzyme concentrations should increase at lower temperatures. Second, species whose populaenzymes is PFK. PFK has allosteric kinetics and is modulated by a large number of activators and inhibitors (Hochachka tions are subject to large variation in temperature, either temporally or geographically, are more likely to evolve an acclimaand Somero 1984). The evolution of this kinetic complexity complements the experimental data (Rolleston 1972; Carpenter tion response than species not subjected to variation in temperature (Pierce and Crawford 1996) . In particular, the and Hand 1986; Galazzo and Bailey 1990; Somero and Hand 1990; Van Der Veen et al. 1995; Wegener 1996) indicating Atlantic coast species, because of their distribution along the steep thermal cline, will more likely demonstrate an acclimathe regulatory importance of the nonequilibrium enzyme PFK. However, the presence of nonequilibrium regulatory enzymes tion response than species in the Gulf of Mexico, where there is little geographic variation in temperature. Finally, if one or does not exclude the possibility that equilibrium enzymes influence flux. This may be especially true for long-term physio-a few enzymes are always important for modulating metabolic flux, then in those species that have an acclimation response, logical changes like thermal acclimation, where there is enough time to reestablish a different enzyme concentration.
the same enzymes should always acclimate. Which enzymes have an acclimation response will depend on whether classical For most acclimation responses, it is uncertain which enzymes are involved. In some cases, but not all, an acclimation biochemical theories or metabolic control theories are more accurate. There is an expectation that if variation in enzyme response has been demonstrated for a select few enzymes within a pathway (Yaumuchi et al. 1975 ; Campbell and Da-concentration is a mechanism for acclimation then either only nonequilibrium enzymes will have an evolutionarily significant vies 1978; Moerland and Sidell 1981; Kleckner and Sidell 1985) . It cannot be determined from these data whether all pattern of acclimation response (Crabtree and Newsholme 1972a) or many different enzymes will show an acclimation the enzymes in a pathway acclimate or whether only certain classically defined rate-limiting enzymes respond to temper-response. ature changes. Walesby and Johnston (1980) found that in muscles of brook trout, the adenylate charge and phosphorylation state ratio were lower in cold-acclimated fish, and Material and Methods they suggested that this would activate glycolysis (implicitly Design of Experiments: Using Phylogenetic Information through the activation of PFK). Thus, the concentrations of classical rate-limiting enzymes might not be limiting with The genus Fundulus consists of small North American killifish whose phylogenetic relationships have been examined using respect to temperature, and acclimation responses that alter enzyme concentrations may occur predominantly in en-both morphological characters (Wiley 1986 ) and allozyme and molecular data (Cashner et al. 1992 ; Bernardi and Powers zymes that do not have allosteric regulation. Moerland and Sidell (1981) did not find an acclimation response in PFK 1995). Thus, there are almost no polytomies in this phylogeny, making it ideal for inferring the evolution of physiological or PK in Fundulus heteroclitus livers, despite changes in glycolytic rate. It is possible that changes in the activities of characters (Pagel 1993) . Most of the species are grouped into brine shrimp and Tetramin Food Flakes ad lib. once daily in the late afternoon. During acclimation, all species came into reproductive condition and spawned. The reproductive tissues were in regression in all species when assayed. Acclimation responses occur by 3 -4 wk of treatment (Johnston and Dunn 1987) , and several species in this study did show acclimation responses, which suggests enough time had occurred for acclimation (see Results).
Homogenization Procedure
Fish were weighed and then killed by quickly severing the spinal cord from skull. Hearts were removed and placed in a Ringer's solution, where they continued to contract and expel blood. Heart ventricles were weighed and homogenized with an ultrasonic cell disrupter (Kontes, Vineland, N.J.) ture sensitivity than many other buffers (Good and Isawa 1972) . Eight to 10 individuals from each acclimation temperafour subgenera. The species in two of these subgenera, Fontinus ture were assayed for each species. and Fundulus, are distributed along the Atlantic and Gulf of Mexico coasts. Three species have independently colonized the Enzyme Assays Atlantic coast, and each has a sister species in the Gulf of Mexico or in the southeastern United States. The evolutionary Initial activities (20 -30 mOD min 01 ) of all 10 glycolytic enhistory of acclimation responses can be inferred in this genus zymes and LDH were assayed for 3 min at 25ЊC with a temperabecause the relationships among these species are known.
ture-regulated 96-well spectrophotometer (Molecular Devices, Menlo Park, Calif.; see Pierce and Crawford [1994] and below). All enzymes from two individuals (in triplicate plus control) Study Animals and Acclimation were assayed at one time. Controls contained no substrate. Since assay concentrations varied slightly from species to speThree Atlantic coast species, Fundulus heteroclitus, Fundulus diaphanus, and Fundulus majalis, and two Gulf coast species, cies, two individuals from same species, one acclimated to 10ЊC and the other to 20ЊC, were always assayed together on a Fundulus grandis and Fundulus similis, were examined (Fig. 1) . F. grandis is the sister species of F. heteroclitus, and both are plate. All assays were performed at 25ЊC because we are using maximal activity solely as an index of enzyme concentration. in the subgenus Fundulus (Wiley 1986 activities were determined by assays linked to the oxidation or seawater, using Instant Ocean and dechlorinated tap water. Equal numbers of each species were then acclimated to 10ЊC reduction of pyridine nucleotides, and rates were measured spectrophotometrically at 340 nm. All rates were initial activior continuously maintained at 20ЊC. F. heteroclitus, F. diaphanus, and F. grandis were acclimated for 6 -8 wk. F. similis and ties (less than 0.090 change of absorbance during the 3-min time course). Linking enzymes were added in vast excess, as F. majalis were acclimated for 3.5 -6 wk. Fish were fed frozen 9g10$$no12 10-07-97 13:50:02 pza UC: PHYS ZOO determined by measuring their activities in the presence of their The goal of this study was to examine the evolutionary history of a physiological trait, acclimation response of enzyme specific substrates. Concentrations of substrates, cofactors, and all known allosteric modifiers were varied to empirically deter-concentration. To do this, the acclimation data were coded (as presence/absence data), and then acclimation responses were mine saturating conditions for each enzyme for each species. Concentrations of substrates used were 3 -10 times the mini-mapped on an existing phylogeny. Parsimony, which postulates the fewest number of evolutionary changes required to create mal amounts that produce maximal activity but do not cause substrate inhibition. Thus, substrate concentrations were at least the observed pattern, was used to infer whether an observed effect of acclimation in a species is the derived or primitive an order of magnitude greater than the apparent MichaelisMenten constants (K m ), which were determined empirically condition. These analyses used an existing phylogeny of the species studied, rather than creating one. To avoid circularity from crude homogenates. Ammonium sulfate suspensions of linking enzymes were dialyzed overnight, brought up in 100 m when mapping traits onto a phylogeny, it is essential to use phylogenetic relationships determined from traits different mol L 01 Hepes (pH 7.4), 10 m mol L 01 KCl, and 50% glycerol. Reaction rates without homogenates (i.e., substrates, cofactor, from the ones under study. In this case, a physiological trait, acclimation response of enzyme concentration in the heart and linking enzymes) were investigated to determined if any spurious activities occurred. Chemicals (substrates, cofactors, ventricle, was mapped on a phylogeny based on morphological characters (Wiley 1986), with which there is likely to be little etc.) were obtained from Sigma Chemical Co. (St. Louis; note: fructose-6-phosphate from other manufacturers is often con-relationship.
The phylogenetic analysis gives more information than taminated with glucose-6-phosphate), and linking enzymes were purchased from Boehringer-Mannheim (Indianapolis) purely comparative studies and allows the generation of a priori orthogonal hypotheses. In this study, the mean for each temand Sigma. Reactions were initiated by addition of substrate using an Eppendorf octopipettor. Assays were similar to those perature group was used in only one comparison with the other temperature group for that species. Thus, five comparipublished previously for F. heteroclitus (Pierce and Crawford 1994, 1996) , with appropriate modifications of concentrations sons among 10 groups are made for each enzyme rather than all possible comparisons. When a priori orthogonal hypotheses to ensure saturating conditions for each species. Protein concentrations were determined with the Pierce BCA microassay are tested, no multiple comparison correction is needed (Steel and Torrie 1980; Sokal and Rohlf 1981) . The second stage of kit (Pierce Biochemical) , and activity was determined in units of micromoles of pyridine nucleotide catalyzed per minute per the analysis used the data as presence/absence binary data and directly incorporated phylogenetic information to look for conmilligram of total protein.
The maximal initial velocity (V max ) can be described as V max cordance among species. Each enzyme was treated independently within a species. There may be coordinated regulation Å [E]k cat , where [E] is the enzyme concentration and k cat is the catalytic rate constant. At saturating conditions, the maxi-of the enzymes in a pathway, such that the evolution of a response in one enzyme increases the chance of a response in mal initial velocity is a function of only two parameters: enzyme concentration and the catalytic rate constant. If there is another enzyme. There are also common allosteric regulators for a few enzymes, and correlations among a few pairs of no variation in catalytic rate constant, then differences in maximal activity are due to changes in enzyme concentration. In enzymes have been noted (Eanes 1984; Wang and Clark 1995) .
However, it is more parsimonious to treat the enzymes as F. heteroclitus, variation in catalytic rate constants are not responsible for maximal activity variation (Pierce and Crawford independent of each other because there is little evidence of coordination of all, or even most, of the enzymes in a pathway. 1996).
Statistical Analyses and Phylogenetic Inferences Results
Mean and standard errors of enzyme maximal activities at both The presence of an effect of acclimation on each enzyme was determined separately in each species through ANOVA in Mini-acclimation temperatures for all species are listed in Tables 1  and 2 . Results of the initial statistical analyses are presented tab (version 10). For some species, it was not possible to sample equal numbers of both sexes. Homoscedasticity between below for each species separately. They are then combined on the phylogeny and discussed in an evolutionary context (Fig. groups was tested using Bartlett's test and Levene's nonparametric test. The homogeneity of slopes was verified before 1). Analysis of the duration of acclimation is provided last. using ANCOVA to test for an effect of body mass on enzyme maximal activity. If body mass had no effect on enzyme activity, Fundulus heteroclitus (Atlantic) then an ANOVA was performed with acclimation temperature, sex, and the temperature-by-sex interaction as factors. If there Previously published data for this species were used in the phylogenetic analysis (Pierce and Crawford 1996 ; Table 1 ), was a significant temperature-by-sex interaction term, only one sex was used in the analysis.
with the exception of two enzymes, PGM and LDH. LDH 9g10$$no12 10-07-97 13:50:02 pza UC: PHYS ZOO activity was not measured in the previous study, and PGM groups or sexes. ALD and ENO activities were analyzed in females only because they had significant heterogeneity of determinations from the previous study (Pierce and Crawford 1996) were much lower. The increase in F. heteroclitus PGM slopes for the body-mass-by-sex term and could not be analyzed by the full ANCOVA design. No enzyme in F. diaphanus activity reported here may be due to changes in the homogenization procedure and revised assay protocols for this enzyme. was significantly affected by body mass. Only HK activities showed a significant difference between acclimation groups (P The data shown here indicate that there was no effect of acclimation on PGM maximal activity. There was also no effect of Å 0.023; Table 1 ). acclimation on LDH in the heart ventricle. These LDH results are similar to results determined in a pilot study of 10 fish Fundulus majalis (Atlantic) from New Jersey (1993; D. L. Crawford, unpublished data). The absence of an LDH acclimation response in heart ventricles Body mass, heart mass, and all enzyme activities were homocontrasts with the acclimation response of the same LDH locus scedastic (P ú 0.06 in all cases). Body mass and heart mass in liver tissue (Segal and Crawford 1994) .
did not differ significantly between acclimation groups but did differ between sexes (P Å 0.046). PFK activity had heterogeneous slopes for the body-mass-by-sex term and was analyzed Fundulus diaphanus (Atlantic) in females only. There was a significant effect of body mass on ALD (P Å 0.042), HK (P Å 0.005), LDH (P Å 0.006), and Body mass, heart mass, and the maximal activities of all enzymes were homoscedastic (P ú 0.05 in all cases). Body mass PFK (P Å 0.027) activities. ANCOVAs were used to analyze these four enzymes, and ANOVAs were used to analyze the and heart mass did not differ significantly between acclimation 9g10$$no12
10-07-97 13:50:02 pza UC: PHYS ZOO (Fig. 1 ).
Methods. a Activity differed significantly between acclimation groups. Acclimation other seven enzymes. Although the effect of acclimation tem-Enzyme assays on a single species were conducted over an perature was not significant, there was a significant sex-by-approximately 10-d period. There was no significant relationacclimation-group term for GAPDH (P Å 0.010), PGI (P ship between maximal enzyme activities and assay date (dura-Å 0.007), PGM (P Å 0.006), and PK (P õ 0.05) activities. tion of acclimation); regressions between enzyme activity and These enzymes also were analyzed only in females. There was duration of acclimation were nonsignificant (P ú 0.1), and a significant effect of acclimation on ALD (P Å 0.001), HK (P assay date was not a significant factor in ANOVA (P ú 0.1). Å 0.010), LDH (P Å 0.050), and TPI (P Å 0.038) activities. In addition, plots of enzyme activity versus date displayed no There was a nearly significant effect of acclimation on PK obvious trend. activity (P Å 0.055).
Discussion

Fundulus similis (Gulf of Mexico)
The evolutionary history of acclimation responses can provide information on whether physiological acclimation is evolutionBody mass, heart mass, and all enzymes activities except ENO activity were homoscedastic among temperature groups and arily conserved or if these responses are evolutionarily labile.
The use of cladistic analyses and the increasing availability did not differ between them. Log-transformed ENO activity data were homoscedastic. There was significant heterogeneity of both molecular and morphological data have refined our understanding of the phylogenetic relationships among species of slopes for body mass for ALD, ENO, GAPDH, PFK, PGM, PK, and TPI activities. These enzyme activities were regressed (Mortitz and Hillis 1996) . This information can be incorpo9g10$$no12 10-07-97 13:50:02 pza UC: PHYS ZOO rated into the design of comparative physiological studies to at 10ЊC for a minimum of 3 -6 wk before assays were initiated. allow hypothesis testing and a better understanding of the Both acclimation groups were assayed together during a 10-d evolutionary factors likely to influence the traits under investi-period. Four of the five Fundulus species had an acclimation gation (Garland and Adolph 1994; Garland and Carter 1994) . response (a significant difference in enzyme activity between In addition, comparisons of closely related species minimize acclimation temperatures). These changes in enzyme maximal the number of stochastic differences between study taxa. Know-activities were observed after 25 d (e.g., Fundulus majalis and ing phylogenetic relationships allows the identification of taxa Fundulus similis). Within a species there was no relationship that may act as replicates for a particular hypothesis. Mapping (statistically significant or obvious trend) between the length the character state of the trait on the phylogeny permits the of acclimation and maximal glycolytic enzyme activity. In the inference of its history and can distinguish similarity due to species that did not have an acclimation response (Fundulus shared evolutionary history (synapomorphy) and similarity grandis), more than 6 wk did not produce significant differdue to convergent evolution. ences in enzyme activity between temperatures. In F. heterocliIn this study, we used species in the Fundulus clade. The tus, acclimation periods greater than 6 wk did not alter the phylogeny of this clade has been constructed using molecular, pattern of enzyme expression (data not shown). Lin and allozymic, and morphological data, so the relationships among Somero (1995) and Johnston and Dunn (1987) It is important to note that a number of species in this clade observed that new steady state levels of sugar phosphates in are distributed along the North American Atlantic coast, which goldfish are attained after 7 h of acclimation. These observahas a steep thermal cline as well as a pronounced seasonal tions suggest there was sufficient time for acclimation responses variation. The most parsimonious explanation for the distribu-to occur. tion of Atlantic coast species is that they have colonized the An important question is whether the acclimation temperacoast independently, because each one has a sister species lo-tures used are biologically meaningful. For example, the lowest cated in the Gulf of Mexico or the southeastern United States mean monthly temperature for species from Florida is only (Fig. 1 ) and more basal taxa in this clade are located in the 13.3ЊC (Table 3) , and thus the low acclimation temperature Gulf of Mexico. Thus, any traits shared by the Atlantic species, used in this study (10ЊC) may be biologically irrelevant. Fish but absent in their sister species, should represent convergent at the Florida location do experience these temperatures; two evolution, indicative of natural selection.
months have mean minimum monthly temperatures of less The evolutionary history of acclimation responses was investi-than 10ЊC (30-yr average of the low temperatures that occur gated by quantifying the maximal activity of all the glycolytic in any month), and minimum temperatures below 10ЊC occur enzymes among Fundulus species. That is, this study examined in five different months (U.S. Department of Commerce 1955). the evolutionary history of the natural physiological response by In comparison, F. heteroclitus populations in southern Georgia quantifying acclimation responses in the laboratory. Acclimation and northern Florida are less likely to experience these low is indicative of the physiological response, acclimatization, that temperatures, yet they have an acclimation response (Crawford occurs in an organism's natural setting. Glycolysis was chosen to 1988; Segal and Crawford 1994) . The results presented here examine the effect of acclimation on enzyme maximal activity are limited; there was no attempt to discern the complete range because it is a well-characterized pathway containing classically of acclimation responses for all the species tested nor the effect defined rate-limiting enzymes (typically HK, PFK, and PK) and of season on acclimation. However, these data do address the near-equilibrium enzymes (PGI, ALD, TPI, GAPDH, PGK, PGM, evolutionary history of acclimation responses among groups ENO, and LDH; Rolleston 1972; Stryer 1981) . In fish hearts, of organisms subjected to the same biologically relevant accliglycolysis may supply a greater proportion of metabolic fuel than mation temperatures during the same season. in the hearts of tetrapods (Sidell et al. 1987) , and the increased contribution of glycolysis to respiration at lower temperatures has been documented in several teleost fish tissues, including Fundulus Assays heteroclitus livers (Johnston and Dunn 1987) . Thus, acclimation
Maximal activity measurements are used to quantify enzyme responses in glycolytic enzymes may be advantageous.
concentration and are not intended to approximate in vivo The interpretation of these results depends on meaningful activities (see Material and Methods). Maximal activities are acclimation conditions and enzyme assays that measure differgood indices of enzyme concentrations if initial reaction rates ences in enzyme concentrations resulting from quantitative approach the theoretical maximum (e.g., an order of magnichanges in gene expression. These criteria are discussed below.
tude greater than the activity at K m ) and all allosteric modulaAcclimation tors are taken into account. The maximal activities reported here had activities 10-fold greater than the apparent K m deterIn our study, fish were kept at 20ЊC for approximately 2 wk and then either maintained at this temperature or maintained mined from crude extracts, were insensitive to a threefold de9g10$$no12 10-07-97 13:50:02 pza UC: PHYS ZOO Source. National Oceanographic Data Center (1982, 1985) . Note. Means are coastal water temperatures in degrees Celsius at a depth of 1 m. ME, Maine; NJ, New Jersey; MA, Massachusetts; FL, Florida. crease in substrate concentration, and used all known allosteric ture treatment randomly. Thus, allelic variation should be distributed randomly between the groups, and systematic difregulators. Thus, these determinations should quantify enzyme concentration. In addition, maximal activity assays using a 96-ferences should average out. The allelic isoforms present in one species could have greater temperature sensitivity than the well microplate reader are precise; the coefficients of variation among triplicates are less than 11% for all enzymes studied alleles for the same locus in other species and could explain differences among species. These differences would still be an and average 4.4% for F. heteroclitus (Pierce and Crawford 1994) . Using a microplate reader allows the collection of data evolutionary change in the physiological response and result in concentration changes with acclimation temperature. These on a large number of enzymes in a large number of individuals, an important consideration for conducting phylogenetic changes could be achieved by differences in the transcription or translation rate, or in the stability of the mRNA or protein. studies.
Knowing the molecular mechanisms underlying the acclimaWe have chosen to focus on enzyme concentration as one tion responses would help to confirm or refute conservation parameter of physiological acclimation. Other factors, such as of the HK response and possibly identify common mechanisms phosphorylation and the concentration of allosteric regulators, for coordinated evolution of these enzymes (i.e., within F. can be important in vivo. The phosphorylation state of enzymes majalis, or between F. majalis and F. heteroclitus). such as PFK or PK affect K m and are correlated with changes in metabolism (Storey 1988). However, enzyme phosphorylation does not affect PFK's maximal velocity (Foe and Kemp 1982;  Quantitative Change in Enzyme Expression Luther and Lee 1986; Papadopoulos et al. 1991; Benoit et al. as a Mechanism of Adaptation 1994) and would not affect our maximal activity assays. Variation in allosteric regulators may also contribute to physiological Thermal acclimation of enzymes can be achieved by either acclimation. For example, acclimation to lower temperatures induction of different genetic loci of an enzyme (isozymes) decreases the adenylate energy charge and adenylate ratios in that have different kinetic characteristics or by quantitatively trout muscles (Walesby and Johnston 1980) and therefore po-altering the expression of an enzyme (''expression'' used in tentially activates PFK activity (Johnston and Dunn 1987). In the broad sense to include RNA synthesis through protein our study, all known allosteric regulators are added to the turnover). The relative prevalence of these two mechanisms is reaction mixture to maximize activity, and any differences be-unknown, but demonstration of thermal induction of different tween acclimation conditions in the in vivo levels of allosteric loci has been infrequent. Johnson and Bennett (1995) reported regulators should not affect our assays. Thus, even for allosteri-acclimatory changes in myosin isoform expression in goldfish. cally regulated enzymes, maximal activity reflects enzyme con-Rainbow trout undergo acclimatory induction of acetylcholincentration. Finally, most of the enzymes in the glycolytic path-esterase isoforms (Baldwin and Hochachka 1970), but not of way are not known to be modulated by either of these myosin isoforms (Johnson et al. 1996) . Acclimatory induction mechanisms, and therefore altering concentration may be the of different cytoplasmic malate dehydrogenase was observed in only physiological mechanism to alter these enzyme rates.
the teleosts spot and blenny (Schwantes and Schwantes 1982a , In this study, individuals from the same population for each 1982b) and has recently been demonstrated in a goby (Lin and species were sampled at 10ЊC and 20ЊC, and differences be-Somero 1995). Differential isozyme induction was not observed tween acclimation groups cannot be explained by allelic differ-for glycolytic enzymes in F. heteroclitus or in green sunfish (Shaklee et al. 1977; Pierce and Crawford 1996) . Induction ences in catalytic rate constant because we assigned tempera9g10$$no12 10-07-97 13:50:02 pza UC: PHYS ZOO may exist in the other Fundulus species examined, but on the arise if random changes in enzyme expression are responsible for the acclimation responses. First, if neutral changes in enbasis of evidence from other fish and F. heteroclitus, it is not very likely.
zyme expression occur readily in these taxa, then most taxa should have acclimation responses and no phylogenetic signal A more general mechanism may be to quantitatively alter the expression of enzymes. Increasing the amount of enzyme would be observed. Second, if these neutral changes occur rarely, then acclimation should be phylogenetically restricted may compensate for the reduced activity of each individual molecule at lower temperatures. Cytochrome c concentrations and occur in a few enzymes. The data do not support a neutral evolutionary hypothesis: for the equilibrium enzymes, comincrease in sunfish muscles acclimated to lower temperatures (Sidell 1977) . Increased concentration has been demonstrated pensatory acclimation occurs often (in four of the eight enzymes) but only in two phylogenetically unrelated species. for liver LDH-B (Crawford and Powers 1992) , cardiac enolase (Pierce and Crawford 1996) , and muscle myofibrillar ATPase (Johnson and Bennett 1995) in F. heteroclitus acclimated to Evaluation of Hypotheses lower temperatures. Sunfish brain, but not liver, showed increased amounts of five glycolytic enzymes at colder tempera-Acclimation response and its relationship to enzyme concentration has a vast and complex history (e.g., see reviews by tures (Shaklee et al. 1977) . Even in the case of goldfish, where induction of different myosins occur, a change in the amount Hazel and Prosser [1974] ; Shaklee et al. [1977] ; Hochachka and Somero [1984] ; Johnston and Dunn [1987] ). Three hypotheses of myofibrillar ATPase is also observed (Johnson and Bennett 1995) . Modulation of enzyme expression is a common re-about acclimation responses (see Introduction) were tested by examining all the enzymes in a single metabolic pathway sponse to insulin/glucagon hormonal regulation (Granner and Pilkis 1990) . The data provided here suggest that altered en-among a phylogenetically appropriate set of species. These data are a useful start for evaluating the evolution of acclimation zyme concentration is a common acclimation response, as observed in six of the 11 glycolytic enzymes.
response.
Hypothesis 1. The first hypothesis was that enzyme concentraEvolution of Acclimation
tion will increase at lower acclimation temperatures if physiological acclimation is a mechanism for increasing or mainThe goal of this study was to examine hypotheses about the evolution of acclimation responses in enzyme concentration taining a constant rate of glycolysis. Concentrations of equilibrium enzymes that have a significant acclimation reamong closely related species. This was accomplished by using an existing phylogeny of the species studied to infer the evolu-sponse increased at lower temperatures in the Atlantic species.
Since these responses arose after their divergence from other tionary history, rather than creating a phylogeny. Acclimation responses were highly variable within the Fundulus clade and Fundulus species, they are relatively recent and may be in response to modern conditions, such as present-day temperachanged readily through evolutionary time. Unique acclimation responses were seen in two Atlantic species, F. heteroclitus tures. Thus, for the equilibrium enzymes, the acclimation response is in a direction that would ameliorate the effect of and F. majalis. These responses were absent in their sister species, with the possible exception of a PK response (margin-temperature variation.
The HK response is more complex: an acclimation response ally significant) that might be shared between F. majalis and F. similis. Only one response, in HK, was conserved within a only occurs within a single subgenus, yet HK concentrations decrease at the lower temperature in one Gulf coast species, subgenus (Fig. 1) . This article demonstrates that physiological acclimation responses that alter enzyme concentration are evo-F. similis, and in a single Atlantic coast species, F. diaphanus, and increase in the other Atlantic species of this subgenus, F. lutionarily labile (i.e., evolve independently in different lineages and involve different glycolytic enzymes in these lineages). majalis. Thus, an acclimation response may have arisen in an ancestor, and, since the divergence of the species, the response These observations support the proposition of Burggren and Bemis (1990) that behavior and physiological adjustments such has been modified within the subgenus. The observation that HK maximal activity changes with acclimation conditions in as acclimation are first-line defenses against environmental change.
one subgenus, while the direction of the response is variable among the species in the subgenus, may be indicative of the Are these changes in enzyme concentration meaningful? Could these patterns arise from neutral or random changes sensitivity of this enzyme's expression to physiological conditions. Because the direction of the HK response is variable, it that increase an enzyme's concentration at colder temperatures (e.g., a random amino acid substitution resulting in a greater is unclear whether this physiological sensitivity is due to selection or random genetic drift. One solution to this issue is to relative protein stability at low temperatures)? This explanation does not seem reasonable. If neutral processes are responsible, determine cardiac glycolytic flux among the species of this subgenus and correlate the change in HK with change in glycothere should be an equal number of enzymes that increase or decrease at low temperatures. Further, one of two expectations lytic flux.
9g10$$no12
10-07-97 13:50:02 pza UC: PHYS ZOO Ignoring the usual criteria for significant differences, there the ranges of the Gulf species (National Oceanic Data Center 1982 . For species whose populations are subject to large are other trends in these data. We can define a meaningful difference between acclimation temperatures as a difference geographic variation in temperature, the evolution of an acclimation response may be one of the mechanisms that can combetween means plus or minus 1 standard error. In two species, most of the glycolytic enzymes that were different when using pensate for environmental variation in temperature (Pierce and Crawford 1996) . That is, as a species expands its range, selecthese liberal criteria had a larger value at 10ЊC than at 20ЊC: six of six and eight of 10 enzymes that were different were tion may favor individuals with new genetic variants (e.g., protein polymorphisms or a heritable difference in protein greater at 10ЊC than 20ЊC in F. heteroclitus and F. majalis, respectively. In two other species, most of the glycolytic en-expression), or it may favor individuals that have a physiological response (e.g., acclimatization response that alters enzyme zymes that were different when using these liberal criteria had the opposite trend: eight of eight and nine of 10 enzymes that concentration). The presence of this physiological response (acclimatization) may mitigate the selection pressures and prewere different were lower at 10ЊC than at 20ЊC for F. similis and F. diaphanus, respectively. In the fifth species, F. grandis, clude the evolution of further genetic differentiation (Pierce and Crawford 1996) . For example, if there is selection for there were approximately an equal number of enzymes that increased or decreased (three of eight were larger at 10ЊC vs. increased enzyme activity in colder environments, acclimatization could eliminate this selective pressure by providing a phys-20ЊC). These patterns (that most of the enzymes were greater or lesser at 10ЊC) were significant in three of the five species iological mechanism that increases enzyme activity. This would explain the higher prevalence of acclimation responses in At-(F. heteroclitus, F. diaphanus, and F. similis; sign-rank test; P õ 0.05; Siegel 1956). These trends may suggest that (1) within lantic coast species.
Unlike other Atlantic coast species, F. diaphanus (Atlantic these species the expression of each glycolytic enzyme was not completely independent, (2) in two species most of the loci coast) lacked an acclimation response. If geographical variation in temperature is important, then one would also expect to had a compensatory increase in enzyme concentration, and (3) in two other species most the glycolytic loci decreased at low find acclimation responses in F. diaphanus. The absence of an acclimation response could be explained by its biogeographical acclimation temperatures. If we assume that these are meaningful trends, they suggest that acclimation response involves all history. This species is found in freshwater and is distributed north of Virginia. As recently as 10,000 yr ago, the current enzymes in a pathway, not just a few rate-limiting enzymes. A positive or negative trend was not restricted to a specific clade, geographic range of this species was covered by ice (Mickelson et al. 1983) , and thus its distribution was greatly limited. In which suggests that acclimation is evolutionary labile. However, it should be stressed that most of these differences be-contrast, the geographic distribution of F. heteroclitus, which is found in coastal salt marshes, was much less affected by the tween acclimation conditions were not statistically significant and thus it is difficult to define how meaningful they are.
last ice age because of how sea levels changed (Bloom 1983; Mickelson et al. 1983) . The third Atlantic species, F. majalis, occurs in coastal marshes only as far north as Massachusetts, Hypothesis 2. The second hypothesis predicted that an acclimation response would occur most frequently in Atlantic coast and thus its geographic distribution was the least affected by the last glaciation. The absence of an acclimation response in species because of their distribution along a steep thermal cline. Two of the three Atlantic species showed unique acclimation F. diaphanus, unlike the other Atlantic species, may reflect an insufficient time for the evolution of a detectable acclimation responses, and neither of the Gulf of Mexico species had unique acclimation responses. In a third Atlantic species (F. diapha-response. nus), there were no unique acclimation responses. The only responses observed in the Gulf species were shared with other Hypothesis 3. The third hypothesis predicted that among species that had an acclimation response, the same enzymes would be species and thus are presumably more ancient.
Clarke (1987) predicted that the type of response (genetic affected. Which enzymes respond to acclimation would depend on if there are a few rate-limiting enzymes or if equilibrium differentiation vs. physiological acclimation) would depend on the time scale of the variation in temperature. Seasonal varia-enzymes also influence physiological processes. ENO concentration increased at lower temperatures in F. heteroclitus. The tion would result in acclimation responses, while genetic changes would evolve in response to geographical changes. concentrations of ALD, TPI, and LDH increased at lower temperatures in F. majalis, another coastal Atlantic species. There These predictions are not supported by our data. Seasonal variation alone cannot account for the observed patterns; the was a variable effect of acclimation on HK in three species, F. majalis, F. similis, and F. diaphanus, all belonging to the magnitude of seasonal variation is similar for both coasts (Table 3). However, geographic variation in environmental tem-same subgenus. From these data, there is no obvious pattern of acclimation and thus no one enzyme or set of enzymes that peratures can explain the observed pattern because the mean annual temperatures vary over the ranges of the Atlantic spe-always evolves an acclimation response.
There are, however, some trends. There was a higher frecies, while the mean temperatures are essentially constant over 9g10$$no12 10-07-97 13:50:02 pza UC: PHYS ZOO
